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ABSTRACT. Flameless atomic absorption spectroscopy was used to measure lead concen-
trations in samples from 5 selected human skeletal sites (tibia, skull, rib, ilium, and verte-
bra) obtained from 134 hospital autopsies. Lead was distributed unequally among the dif-
ferent bones in distinct patterns that were age-, and to some extent, sex-dependent. To es-
timate lead concentration of the entire skeleton, all skeletal bones were divided into 5
groups based on their approximate compact/trabecular bone ratios, considering each of
our 5 sampled sites to be the prototype for each such group. Regression analysis of the 10
possible bone site pair values at different ages vielded age-related constants. These con-
stants were incorporated into an equation we developed that can be used both to estimate
mean skeletal lead concentration (Pb) of the entire body skeleton and also to predict the
lead concentration at any of the other 4 bone sites if any 1 of the 5 is measured. Applica-
tions of these data to in vivo bone lead measurements are detailed with respect to selection
of the site to be measured, estimation of total skeletal lead burden, anticipated variations
or error, and dependence of these factors on age and sex of the sampled population.

CENTURIES betore the earliest written records. lead
was a widely used metal, and it remains so today. Hu-
man exposure to this element can resuit in serious
pathological consequences if the body content reaches
a critical level. In humans, blood is the most common
tssue sampled for lead analysis, and the medical litera-

November/December 1908 {Vol. L3(No. 6)]

ture relates the clinical ieatures of lead toxicity to these
blood lead leveis.

The majority of human lead uptake occurs via the
respiratory and gastrointestinal tracts. As much as 40%
of the inhaled lead is absorbed from the lung' and
enters the circulatory system. Gastrointestinal absorp-
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tion of this metal is age-dependent. adults absorn ahoul
10% ot lead ingested,” whereas in children this fraction
may reach as high as 50%.’ Lead can be absorbed di-
cectly through the skin, but this route 15 insigmiicant un-
less the concentration 1s high and contact time prolonged
Ninety percent of the lead leaves the body via the
urine. and most of the remainder 15 excreted with the
feces: only a very smail amount 1s lost in sweat, hair.
and nails.*

Lead is distributed unequally throughout the tissues
of the body. Less than 10% of ail lead stored in the
body is deposited in the soft tissues, but the skeleton
contains the remaining 90-95%."' In bone, lead is incor-
porated into the hydroxyapatite crystatl from which it
can be mobilized only very slowly. Recently adminis-
tered lead. however. seems 10 be more easily mo-
bilized.’

Studying lead turnover kinetics. Rabinowitz et al’
carried out Tead balance studies by supplementing the
“constant hospital diet of five voiunteers with nonradio-

“active—teat EMploying a three-compartment model,

they predicted mean lead hali-lives of 36, 40. and(10*)

days. respectively. Using these data, Batschelet et al.”

average half-lives of 15.5, 34.7, and(22.6 x 10° days for .

ed the model to include the lungs and gastroin-
testinal tract. This refinement of t:b-i :fel fielded

blood, soR tissues. and bone. respectively. Smith_and
Hyrsh,' using values published by various workers,
computed Igad—hailives for blood, liver, an@?ar_»\;of
69. 650, ang 4,250 dag It is clear that bone-lead resi-
dence time (a i the adult) is of a magnitude to
justify an attempt to use adult bone lead content as a
reasonable reflection of lifetime lead exposure.
Distribution of lead in the human skeleton. For
many years the laboratory diagnosis of lead poisoning
has been achieved by gquantitation of lead in blood and
urine samples.”'® Skeletal lead content has been of in-
terest primarily to physiologists. epidemiologists, and
paleopathologists dealing with the gquestion of prolonged
lead exposure. in many cases altempting to estimate to-
tal lifetime lead accumulation. " ern for
chronic and subclinical lead intoxication, often ac-
quired during occupauional exposure, has broadened
interest 1n bone lead levels.'* '* These interests have re-
sulted in the development of in vivo | uantitation
either by bone needle biopsy'® or by noninvasive x-ray
fluoresce es.
~ Because earlier work has demonstrated inhomogene-
ity of skeletal lead distribution,'"'® selection of the bone
site for noninvasive and/or single-site sampling tech-
niques becomes critical. In addition, application of
skeletal lead analysis to archaeological bones has gen-
erated a similar need because often only limited bone
sample sites (not always the same ones) are available
for analysis. For appropriate interpretation, the rela-
tionship of the lead concentrations at the available site
to that of the total skeletal lead level must be known.
The information presented here is the creation and
analysis of a database designed to address the above
noted specific concerns, with particular reference to
the following questions: (1) How is lead distributed
among various bones of the human skeleton in modern

ingdustngl popuiatians? .2 How do the lead CONCent.
tion patterns of the various bones of the human «,.
ton difter in reiation to age and sex’ and (3 c,,'
method be de:elopeo tor prediction of totat hody ;h
etal lead concentration and burden that would 1,

more consistent standard  tor companson thyn ..
measurement Ol any one bone site?

Materials and methods

Sample sites. Between 1976 and 1982, bone samy’,
were obtained by a singie pathologist from 134 ,.
dom. northern Minnesota. community hospital Auley
sies. This population included 81 Caucasian males 4.
53 females ranging in age from O to 98 yr (Fig. 1). Th
bone sample sites were as folfows: (1) tibia (midshan
(2) ventebra (wedges from the bodies of the third 3n
fourth lumbar and the fifth thoracic vertebrae meas
ing 3 cm along the edge of each face). Only the ioyr
lumbar site was sampled after enough data had bey
analyzed from the other vertebral sites to demonstra
no significant lead content differences among ther
{see Resuits); (3) rib (a3 segment 6 10 9 cm lateral to 1»
costochondral junction of the left fourth rib); (4) ilius
(@ full thickness rectangular block 5 x 5 cm, one edg
of which included the iliac crest, removed from
right ilium approximately 5 cm posterior to the anten
superior spine); and (5) skull (upper left occipital bone
All samples were full-thickness sections, each wrappe
in plastic and frozen until time of preparation for le:
analysis. For analysis, 3-mm diameter samples were a
quired using an electrically driven. stainless steel, hc
low core bit, either directly from the cadaver {tibia) .
from the larger stored samples.

Lead analysis. A detailed description and validatic
of this method for bone lead analysis has been pr
sented elsewhere.'* Therefore, only a summary will |
presented here.

30 % <

101

0!

. 0-2 1420 21-35 3880 §-78 TS5

Ags Group (years)

Fig. 1. Characterization of the entire study population, as a h
tion of age and sex. Note: our study popuiation had no subject
the 3-13 yr age range. Total number of males o 81; total numbe
females = 53.
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The bones were thawed and scraped to remove ad-
T soft tissue. Samples were placed 1in Vivcore® cru-
pivs and dried at 110°C for 20 hr (to constant weight).
{he <amples were ashed in a muttle turnace at 450°C tor
< hr tor untit compietely white). and cooled n a desic-
. The ashing temperature was selected 1o avond loss
/ iead by volaulization or as the suliide or chlonde.” -
e ashed weight was recorded. and the samples were
Laund to a fine powder in an agate monar. samples
?"‘-re returned to the desiccator until analysis.

gone ash was dissolved in nitric acid. diluted. and an

quot was transierred to a sampling cup and diluted
eun with 1.0 ml of water containing 853 ug/ml lan-
~anum ion. Analysis was accomplished with flameless
+omic_absorption spectroscopy. Two ;tandara bone
Jmples. one high and the other low in lead levels,
.ore included in the analysis 35 quality conirol samples

+ each dav’'s run. These standard samples were bulk
wne ash that were stored in a desiccator and redried at
~enals. They were treated in the same manner de-
.nbed for the samples.

To minimize contamination, all glassware, crucibles,
.nd sample cups 10 contact the samples and standards
Lere soaked in mitnc acid (HNQ,) (7.8 moies/L} from 2
-0 3 hr during the cleaning process.

The samples were analyzed on a Perkin-Elmer HCA
1100 graphite furnace. which was programmed as fol-
ows: drying time 30 sec, temperature 100°C: charring
~me 30 sec. temperature 475°C; atomizing time 7 sec,
-emperature 475°C: wavelength 283.3 nm: integration
:ime 6 sec; background correction—on; sample size 20
a.

Equation [1] below was developed to caiculate mean
.ead concentration of the total body skeieton (Pb) using
.alues actually measured at all five sites (see Appendix
:or detailed derivation).

" PD) = WIWLPOIRWWWea. . ... « POIRM WS (1]

Certain additional methodological aspects are
discussed in direct reterence to their application under
Results.

Results

" In the development of the method, multiple
measurements of the low standard bone yielded a coef-
ficient of variation (CV « SD x 100/mean) of 12.4%,
and for the high standard bone the coefficient of varia-
tion was 8.6%. The recoveries were not a function of
bone lead concentration and were 103% + 12.9%
1SDM]}. The absolute sensitivity of our method was 70.6
+ 10.8 x 10™** g lead. A 0.006 ug lead/ml solution
vielded a detection limit of 0.0021 ug-lead/ml, and a
0.015 ug lead/mli solution yielded a detection limit of
0.0065 pg lead/ml."

Concentration units. Various laboratories have re-
ported bone lead concentrations as the amount of lead
per gram of wet bone, dry bone, or bone ash.'*2*? we
have elected 10 express our data as *‘micrograms of lead
per gram bone ash’' in consideration of the errors in-
herent in obtaining accurate wet and dry weights. How-
ever, to facilitate the comparison of our data with that
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published as wet ana dnv values we measured tme wet
drv. and ashed weights on 30 adult sampies in our sluan
population. These ratios are summarized in Tabie !

To evaluate age eftects on the change in weienl con-
versions tram ash to dry or wet values. the ash ta dn
and ash to wet ratios 10r each bone sie were ploticad s
a tunction of age. The data were i by iinear regression
and yieided slopes of between 107! and 10™* with
regression coefficients ranging from .07 to 0.6. Due 10
the very smali slopes and the large data scatter. we did
not attempt corrections for weight ratio differences as a
function of age.

Lead distribution

Bone site differences. Table 2 and Figure 2 present
the lead concentration, as a function of age, for bones
at the 5 sample sites studied. The age groupings were
selected on the basis of developmental and phvsiolour-
cal funcuon; 0-2 yr, intants; 3-12 yr, children in the
data presented we had no individuals in this group):
13-20 yr. adolescents: 21-35 yr, young adults; 36-50
yr. mid-adults; 51-75 yr, mature adults: and >73 yr.
senior adults. Table 3 summarizes the results ot non-
parametnc analysis (Wilcoxon Signed Rank Test™) of
the 10 possible bone pair comparisons among the 5
sample site values.

The newborn-infant group is omitted from this and
subsequent evaluations for the following two reasons:
(1) there are too few subjects in this group for proper
statistical analysis, and {2) the lead concentration of all
sampies is below the detection limits of the method. In
adolescent and young adult groups, only the venebral
values differ significantly from the other four sample
sites. Differentiation occurs between other bone pairs
in the 36-50 yr age group. Following that age, the con-
centration at each bone site is statistically ditferent rrom
that at every other site (p < .05). _

Linear distribution of lead in the diaphysis of the
tibia. Sampie site selection in any long bone woulid be-
come a significant variabie if there are substantiai diner-
ences in lead concentation at various points along the
diaphysis. For this reason, bone lead concentrations
were measured at many sites along the diaphvseal
length of the ubia. This bone was an intact nght ubia
from a 56-yr-old male logger's skeletonized, exposed
body found in the torest 18 mo after his disappearance.
Beginning at the proximal end, 3-mm core samples
{full-thickness) of the bone conex were removed at
1-cm intervals along the length of the diaphysis (a total
of 28 sampies).

Analytical values are demonstrated in Figure 3. Least
squares regression analysis** was applied to the iead
concentration of the individual samples (dots in Fig. 3)
as a function of distance along the diaphysis. The slope
of this regression line was —0.06 with a regression coet-
ficient (R?) of 0.01. This analysis indicates that there 1
no linear relationship between bone iead concentra-
tion and the distance (position) along the diaphysis. In
vivo monitoring systems commonly scan bone sunace
areas of about 3-cm diameter.'*?* To approximate such
conditions more closely. we averaged the above de-




. Table 1.—~Wweight Ratios of the Five Bone Sites Sampled

Sampie e Dry:weight + SEM Ash/wet s SEM Achdn + SEM A
d
Tibia D878 + 0103 0311« OO G . G012 w o
Venehra 0576 « 0N U174 « 04l 301 « 0013 3
Rib D618 » 0014 0.224 + 0012 0372 . 0018 3
hum 0695 + 0010 0.287 +« 0.012 0411 +« 0014 2}
Skull 0.844 + 0.010 0.533 » 0012 0.632 + 0010 14

Table 2.—Mean Bone Lead Concentrations (ug Pb/g bone ash) as a Function of Age for the Five Sites Sampled

Age group (yr Age lyr) Tibia lium Rib Venebra Skull
>75 86.3(31)* 29.0028) 17.0029) 20.5(31) 18.8(30 26.1(28)
SEM <10 34 +2.6 +24 226 =32
51-75 63.9(42) 24.20138) 19.2(40) 22.3140 22.4(4)) 22.82%
SEM 11 23 2.4 26 2.6 29
36-50 423009 16.6(14) 9.9115) 9 715 11.9115) 15.2015)
SEM 13 41 1.6 17 2.1 33
21-35 24 6(18) S 9(18) 5.3016) 5.0018) 6.3017) 4917)
SEM 1.0 1.2 1.2 12 1.3 1.1
14-20 17.6113) 2,313 2,313 29012 18012 3.2000
SEM 0.5 1.0 09 1.4 1.4 1.7
0-2¢ 0.3012) 0.3011) 0.0001) 0.7012 0.6(12) 0.6(12)
SEM 0.1 0.2 00 04 0.6 04
Note: our sample population contains no subjects between the ages ot 3 and 13 yr.

*Numbers In parentheses represent the total number of samples contnbuting to the mean value.

1The 0-2 yr age group s included here 10 emphasize the low lead levels. it 1s not considered in subsequent tables
(see text for discussion).

scribed core sample values in sequential groups of
three along the entire diaphyseal length, thus obtaining
the mean values over 3.cm increments. These 3-cm
grouped sampies are presented as bars in Figure 3. The
overall mean and standard deviations of such group-
ings were 28.5 + 4.1 ug Pb/g ash. All the 3-cm group-
ings fall within + 1 standard deviation of the overall
mean value.

We concluded that ior the employment of in vivo
bone-lead measuring devices, differences in bone lead
concentration along the length of the tibial diaphysis
are small enough so they may be neglected.

Lateral asymmetry. Skeletal morphological asym-
metry is well known,™ requiring demonstration that
lateral dominance does not affect bone lead concentra-
tion. Values for lead content of samples from both left
and right tibial diaphyses of 12 adult members of an ar-
cheaologically excavated colonial American popula-
tion'’ were determined and are displayed in Table 4.
Analysis of this data employing the paired Student's ¢
test* yielded a ¢ statistic of 0.18 with 11 degrees of free-
dom, indicating no significant difference between right
and left sampling sites ot the same individual..

Vertical asymmetry. Because weight-bearing stress
may vary at different ventebral levels, we obtained sam-
ples from two adjacent lumbar vertebrae (L, and L),
and from one thoracic vertebra (T,) in 22 autopsies.
Their bone lead concentrations were treated with one-

way analysis of variance and yielded no significant di
ference (p < .05) among any of the three possibl
sample-site pairs (L, vs. Lo, L, vs. Ty, and L, vs. T,
Thereafter, a mean ventebral lead level was assigned 1
all autdpsies. in which more than one veniebra w:
sampled. In subsequent autopsies. vertebral sample
were obtained only from the L, site. It was felt that th
absence of difference among the three sites also r¢
flected consistency of our sampling, storage. and anal\
sis techniques.

Metaphysis vs. diaphysis. Because iead is deposite-
preferentiaily at sites of most active bone growth,' it .
possible that such deposition in the periepiphyse:
areas of the metaphyses of long bones during the year
of body growth might result in lead concentrations th.
are difierent from those in the diaphysis.

Samples were prepared and analyzed from the fo
lowing sites in adult tibias: mid-diaphysis cortical bons
metaphyseal cortical bone, and metaphyseal trabec
lar bone (metaphyseal samples both were acquire
from just above the tibial tuberosity) in 47 autopsie
This population consisted of 31 males and 17 female
with comparable mean ages (males 64.2 + 3.0 SEM -
and females 68.7 + 3.1 SEM yr). Meticulous care w:
used in the separation of all trabecular bone from tb
cortical samples. Student’s t tests were appiied to t+
three sets of data and are summarized in Table 5. N
significant difference was found in the lead concentr.
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_on of the cortical bone sampies taken rom the
wotaphysts and diaphysis of the same individual. but
. lead concentration of the trabecular bone in the
wetaphysis was significantly different (usually higher)
.om that of either contical sampie (p < .05).

Lead concentration related to age and sex, Figure 4
~monstrates the pattern of lead concentration for the
¢ sample sites in relation 10 each age group. The
reely compact bone sites (tibia and skulh reveal a
wrpetually rising lead concentration, whereas those
ontaining a significant component of trabecular bone
.wline in the oldest age group. The degree of this
wechne is roughly proporiional to their fraction of
.rabecular bone content.

"1o define these relationships further. the values of
.he purely compact bone site sampled (tibia) were piotted
th those of the purely trabecular bone site (vertebral

g 01
: B Tiba

§ 8 sk =
H B Ao
Fd Venisdra B
2 O wom
- 20‘ §
§ z
2 z

3 101 :

2 :

- 0-2 2138 3650 5178

Age Groups (years)

fig. 2. Bone lead concentration at the five bone sites as a function
of age group.

bodv, tor both maies and temaies (Fig 51 1t v noted
that vertebral levels exceeded those ot the tibia unnl
the growth period was completed at ahout the ave of
20 yr. However. after age 35 yr, nbial levels were uni-
formly greater. The largest discrepancy between these
two becomes apparent 1n the oldest age group sed-
ondary to the marked decline in the venebra! lead con-
centration. The plotted tibia/vertebra ratio (Fig. 6! dem-
onstrates a progressive discrimination in the adult pop-
ulation against lead deposition in the trabecular bone
(vertebra) in relation to that in the conical bone (tibia).
Similar patterns are evident in the other two primanly
trabecular bone sites sampled (rib and iliumi. Tibial/
skull ratios are interesting 1n that the skull paratlels
vertebral values during youth and tibial values durning

.aduithood. This may well reflect the small diploic com-

ponent of the adult occipital bone. These relationships
may be more easily visualized in Figure 2, which sum-
marizes the mean lead concentrations at each of the
five bone sites for each of the age groups.

Estimation of total body skeletal lead concentra-
tion. If the total pool of lead stored in the human skele-
ton can ultimately be mobilized and therefore consti-
tutes a threat of latent toxicity to its host, it would be
desirable to estimate the magnitude of the total body
lead burden and its iocation in the principal compan-
ments, compact and trabecular bone. Our selected
sample sites represent a gradient of compactitrabecular
bone ratios from pure compact bone (tibia} through
mixtures of compact and trabecular bone of varying de-
gree (rib and ilium) to pure trabecular bone (vertebral

" body).

Based on the compact/trabecular bone ratio of each
bone, the entire complement of bones in the skeleton
was divided into five categories, each represented by
one of the bone sites sampled in this study. It was as-
sumed that the lead concentration of the sampled bone
site represented that of all the bgnes assigned to that
group. Such a grouping was based on the weight dis-
tribution values of Lowrance and Laumer and is pre-
sented in Table 6.

Table 3.—Probabilities That Lead Bone Concentration Differences at the indicated Sample Site
and Age Are Due to Chance

Age group (yrl
Data pairs® 14-20 21-35 36-50 51-75 >7%
Twvs$ 0.306 (7) 0.490 (16) 043 O 0.000 (26i 0.000 (26)
TwR 0.390 (8) 0.326 17 0.021 12) 0.000 (37} 0.000 (28)
TwsV 0.019 9 0.074 (16) 0.350 (13) 0.000 (38 0.000 (28)
Twi 0.288 (8! 0.431 (13} .01t (121 0.000 35) 0.000 (27
Swvs R 0.155 (N0 0.406 (13) 0.006 (14) 0.000 20 0.000 27
Swvsv 0.031 () 0.015 (15) 0.099 (14 0.000 27 0.000 (27
Sas 0.250 {5 0325 1) 0.003 (13 0.000 (28) 0.000 (26)
RysV 0.01449) 001 2u% 0.037 (14 0.U04 40 0.000 130
Rwvsl 0.444 (8) 0.425 (14 0.337 (13) 0.000 (36) 0.000 (28}
Vvl 0.006 (8) 0.006 (16) 0.048 (14) 0.000 (39 0.000 (28)
Note: R = nb, T = tibia. V = ventebra, | = ilium, and $ = skull.
*Numbers in parentheses represent number of paired analyses done in each group.
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Fig. 3. Linear distribution of lead in the diaphysis of the tibia. The
dots represent the individual samplie lead concentrations (ug/g bone
ash). The vertical bars represent the mean of three samples over a
3-cm distance. The mean and standard deviation values represent
an analysis of all the samples taken from the tibia. See text for fur-
ther discussion.

Table 4.—Lead Conceniration (ug Pb/g bone ash) in the

Right and Left Tibia of Archaeological Skeletons of

12 Colonial American Adults

Sample Lead concentration iug Pb/g bone ashi

number Right tbia Len tibia
1 52.0 53.7
2 48.5 47.7
3 933 103.7
4 1244 1129
5 1871 193.6
6 36.5 438
7 60.3 69.0
8 46.1 35.7
9 43 58.1
10 9.5 62.2
1A 23.2 330
12 5.7 49

Discussion

As lead accumulates in the skeleton, evidence of dif-
ferential distribution among the bones occurs. The
earliest differences become apparent during ado-
lescence (Table 3). when the trabecular bone of the
venebral body accumulates significantly more lead
than that of the other four sites. The young adult period
is charactenzed by further differentiation of lead con-
centrations in the bones studied until the fourth dec-

ade. after which the amount of lead stored at each of

the five sites studied is uniquely different from that at
the others.

The quantitative trends responsible for these changes
can be identified in the age-related lead concentration
patterns of the different sites. Until bone growth ceases
at the end of the second decade, lead accumulates
more rapidly in the trabecular bone sites, especially in
the vertebral body (Fig. 2). During this phase of lead

storage  the Cancentralions in these nones excer.
those ot predominantiv compact cortical hone Suck '
the tibia. ARer body gromth ceases. however the .
verse becomes lrue. Lead 1s then preterentialty ;,0,,1
in compact bone. This pattern continues throug:
Ife. even bevond the egnth decade when the T
trabecular bones cease lead accumulation. gl .
their previous lead content as retlected In therr de..,
ing lead concentrations even while the compact tx,,,
of the tibia maintains its previous level (females) or Coor
tinues to store ever greater quantities (males).

Varying selection of bone sample sites may he.
sponsible for conflicting findings reported by diner,., .
investigators regarding the rate of bone lead accumy,
tion during the age period 40-90 yr. Some of thes
vestigators reported their results in dry or wet bon.
units. Wherever necessary, we replotted such dg.
after converting the lead concentrations originally .
ported in wet or dry units to ashed values. using ..
weight ratios listed in Table 1. The data reponed 4,
Gross et al.™ and Drasch™ yielded a pattern similas 1,
that presented here in that. even arter the age of 70 y¢
the long bone cortical lead values continued to .
but those of the trabecular bones declined. Amon,
those investigators who measured lead concentrations
in bones with a major fraction of trabecular bone siry .
ture (usually rib samples), a decline in lead concentr,.
tion in advancing age was noted by Cherry et al -
Schroeder and Tipton,'' and Nusbaum et al.,” byt not
by Barry™’ or Ulrich.”* On the other hand, Weinig anc
Borner’' found no such decline in either cortical or tra.
becular bone samples, although the latter two invest.
gators had only two subjects over the age of 70 yr in
their populations. It is conceivable that the more rapid
lead turnover rate of the trabecular bone may be re.
sponsible for these patterns (see discussion below:
augmented by the higher rate of lead absorption in
children. bt

Because it is not feasible 10 measure the lead contemt
of five different sites in vivo. it was hoped that the dii.
ferences in lead concentrations of various bones would
be sufficiently consistent in their relationships to each
other that prediction of the values at four of the five
sites would be possible after actual measurement or
any one of them. Equation [1] couid then be used to es-
timate the mean lead concentration of the entire skele-
ton. After that was achieved, the total skeleton lead
burden could be expressed in absolute terms by multi-
plying its mean skeletal lead concentration (Pb) value
by the weight of the entire skeleton (obtained from
standard reference tables based on body weight).

To predict the lead content of 1 bone site from the
analysis of another site, the database was sorted to
yield only those subjects that had measured values for
all 5 sites. The data were then separated into age
groups as defined earlier. For each pair oi bone sites
(10 in all), the lead levels were fit with a straight tine by
the method of least squares.* The fiitting procedure
was done with the constraint that the intercept would
be zero (0,0). The resulting slopes relating each of the
bone pairs are summarized in Table 7. Employing the
relationships summarized in Table 7, the bone lead
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Table 5.—Companson of Lead Content in Metaphvsis and Diaphysis of the Tibia

Metaphyves trabecular
hone v« metaphyws
compact hone

Metaphvsis trabecular
bone v diaphysis

Metaphysis compact
bone vs diaphyus

compat bone compact bane

Mean diterence )
Standard destation 8.06
I statistic 297
p value*® <.005

8.06 082
16.68 10.85
3.31 0.53
<.005 .70

*Degrees ot ireedom tor all comparisons was 46.

304 Tos
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Lesd Concenwaton
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Age tyears) -

Fig. 4. Bone lead concentrations (g/g bone ash) in relation to age for the five bone sites sampled.

concentration determined at only 1 site can be used to
asredict the lead concentrations in the bones at the
ather 4 sites.

Figure 7 demonstrates the variation of mean lead
concentration of the entire skeleton estimated as fol-
lows: {A) actual measurement of the lead concentration
a five different sites with the use of these values in
tquation (1] (results indicated as A in Fig. 7); (8) actual
measurement of the lead concentration at only one
oone site (either tibia or vertebra), with mathematical
prediction of the lead concentration at the other four
sites and use of these values in Equation (1) ([B - AJ/A
x 100 is represented as B in Fig. 7); and (C) actual
measurement of the lead concentration at only one site
either tibia or vertebra). and assumption that the mean
ead concentration of the entire skeleton is simply
equal to that one measured value without any use of
iquation 1) ([C - A)J/A x 100 is represented as C in
g 7.

Values derived from measurements at only two of the
single bone sites (tibia and ventebra) were plotted be-
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cause values derived from rib and ilium single-site se-
lection proved to demonstrate values similar to or inter-
mediate between those of the vertebra and tibia,
whereas the skull varied directly with the tibia in adults
and with the venebra in adolescents.

Perusal of Figure 7 reveals a progressive decrease in
variations with increasing age. In addition, selection of
compact bone as a single measured site produces ap-
proximations closest to the “‘actual’” values for mean
lead concentrations of the entire skeleton as estimated
from actual measurements at all five sites (‘‘A™). Predic-
tions generated from measurements made only at a tra-
becular bone site, such as the vertebra, reveal much
greater variations at all ages. Such differences between
trabecular and compact bone certainly reflect that
compact bone represents at least two-thirds of the skel-
eton’s total weight and so camries a larger weighting
constant in Equation [1]. In addition, some metabolic
factor may affect trabecular more than cortical bone. If
the presumably more sedate life activities of our oldest
age group subjects resulted in decreased lead exposure

w7
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Fig. 5. Bone lead concentration (ug/g bone ash) in the tibia and vertebra as a function of age and sex.

methods” or biopsy techniques." Knowledge of 1+
different patterns with respect to age that characien;
the varnious sites will assist the investigator in choour
§ 201 : :‘::“ the one most approprigte for the goal of a panicyi
study. Interest in monitoring the total skeietal le;
burden of industrially exposed workers would lead -
the selection of the tibia (or its equivalent) as 3
£ whose concentration alone would most closely appro
imate the desired measure. Modification of the simp
i tibia lead concentration using the appropriate pr
3 1.0 diction constants would generate an even more a
2 curate estimate in most age groups, still closer to
é ‘ractual’”’ mean skeletai lead concentration.
s
2 Table 6. ~Grouping of Bones to Estimate Percentage of
Total Skeleton Represented by Each Sample Site®
- 0 v v
0 20 40 60 80 100 one Percemage of 10tal skeleton  Sample site
Age (years) Tiba 10.63
Humerus 6.38
Fig. 6. Age-related tibia/veriebra ratios of bone lead concentration. Radius 218
Ulna 2.66
Femur 17.67
and absorption, then the more rapid turnover rate of ::‘""’ 52
trabecular bone’ may be responsible for their observed F,‘;::': 247
decline in ventebral lead content. Furthermore, the ab- Foot $.79
sence of such a decline {or actual rise) of concurrent Subtotal 50.88 Tibia
compact bone lead values may indicate that some of Skuil 17.98
the lead that leached from trabecular bone was rede- Mandible 2.42
posited in compact bone. Finally, disease processes Hyod -
such as osteoporosis, common in the elderly, may af- Subtotal 20.40 Skull
fect trabecular bone selectively or predominantly. Such Rib 6.42
biological changes may contribute further to the math- Stemum 0.47 .
ematical impact consequent to the disproportionate Subtotal 6.89 kb
representation of compact bone in the skeleton. resuit- Venebra 10.06 Venebrae
ing in greater \ariation in prediction oi total skeletal tlium 7.83
lead burden when selecting trabecular rather than Scapula 284
compact bone as the actual measured site. Clavicie o !
These data have useful application in studies directed Subtotal 171 Hium
at the quantitation of human bone lead content for *Adapted from Lowrance and Latimer, Table 1 (1976).
clinical use, whether by in vivo x-ray fluorescence
8 mamw
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Table 7.—Linear Regression Correlation® of Bone Sites as a Function of Age

Age group ‘vn
Data pairst 14-20 21-35 36-30 $1-75 >75
ST 1.2347097) 0947180 0.919, 95 0.98% 93 Q.815 88:
RT 1.1981.9% 1.034(.80 0.695 88! 0951083 0.6321 83
v 1.315(.94% 1112062 0.837¢."61 0.906¢ 64) 0.5571.52)
s 0.8831.96) 0.928.631 0.6841.901 0.816¢.71) 0.652(.79
S/IR 1.0301.99 0.839(.84) 1.26292 1.000(.90} 1.2340.84)
SV 0.9501.98) 0.689(.65) 0.989¢.81 0.939(.55) 1.261(.58)
Sh 1.361(.94) 0.8301.681 1.2971.931 1.060(.75) 1.3461.76)
V.R 1.0711.95%) 1.093(.92 11T 0.9311.761 0.893.74
IR 0.699(.9% 0.903(.91) 0.9661.96} 0.870(.90) 0.928( 85
w 0.639(.94! 0.815(.95) 0.737(.75 0.851(.87) 0.946(.80)
Note: R = nb. T = titva, V = ventebra, | = ihum. and S = shull.
*The correiation was accomplished with the equation y = mx: that is. the intercept was forced
through (0.01.
tNumbers In parentheses represent correlation coeriicient (R} 1or each of the sample site pairs.

100 9

14-20 21-38 38-50 51.78 7S¢

Age Groups (years)

Fig. 7. Estimation of the accuracy of mean skeletal lead concentra-
tion of the entire skeleton using one or multiple bone sampling
sites. A = mean lead concentration of entire skeleton estimated by
actual measurement of five bone sites and using Equation 1 to
cakculate Pb. B = percent of A, represented by estimates of the
mean lead concentration of the entire sheleton obtained by
measurement of only one bone site (cither tibia or vertebra),
predicting the lead concentration at the other 4 sites and then using
Equation 1. C = percent of A, represented by a value of mean lead
concentration of the entire skeleton, assumed simply (0 be identical
10 actual value of only one measured bone site, either tibia or
veriebra.

A studv involving estimation of the trabecular bone
lead content of the entire skeleton could use any of
three such sites (vertebra, ilium, and rib) we measured
or their equivalents. Our data indicate, however, that
the lead concentrations at these sites are often not only
substantially different from those of the compact bone
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in the tibia, but frequently differ from those in other
trabecular bone sites as a function of age (Fig. 2). Use of
Table 7 prediction constants for these sites will con-
tribute even more toward standardizing comparisons.
Nevertheless. the data reveal that the investigator using
such trabecular bone sites can expect a significantly
greater variation in prediction of total skeletal lead
burden than when using compact bone sites. This most
likely reflects the impact of metabolic factors that are
absent or operating to a lesser degree in the compact
bone sites.

Bilateral sampling (Table 4) has assured us that either
the right or left side may be employed with equal confi-
dence, and no differences in lead concentration along
various levels of the spine were found in the ventebrae
analyses. Our data not only confirm_the variably higher
lead concentration_of the iong bone ends noted by pre-
vious investigators,™ ** but also identify this increase as
the exclusive contribution of trabecular bone content.
Although minor inhomogeneities of lead deposition are
demonstrable in the tibial diaphysis, these increase the
variability of only the smallest samples; measurements
of a 3-cm sample area (common in x-ray fluorescence
in vivo techniques) anywhere along the length of the
diaphysis will result in a value within one standard
deviation of the mean value of the entire tibial shaft.

We anticipate that these data will be of substantial
assistance in the design of human skeletal lead studies
and in the interpretation of the resulting analytical
values.

These studies were supponied. in pan. by the \Minnesota Medical
Foundation 1DMRF-15-77). St. Luke's Foundauon. Duluth \un.
nesota; the Archacometry Laboratory, Universty of Minnesota.
Duluth, Duluth, Minnesota: University of Minnesota Center for An-
cient Studies. Minneapolis, Minnesota; and Coliege of . Scholastica,
Faculty Development Fund, Duluth, Minnesota.

Submirted for publication june 16, 1987; revised: accepted for
publication March 11, 1968.
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Appendix

Calculation of Mean Skeletal Lead Concentration (Pb)

To examine skeletal lead burden, we have opted not to use
or attempt to deline total lead content because 1t is evidently a

(Poiw, = (PbLW,, + (PBL,W, + (PbLW.,,
+ (PbLW,. + (PDLW,,, m

where (Pb), is the lead concentration (in ug/g bone ash) of the
five sites. x =  represents tibia. s the skull, v the ventebra. r the
rib, and i the ilium. \V, represents the ashed weight of the total
skeleton, and W, 1s the ashed weight of the five sites ix = t. s,
v, r, and i). Unfortunately, data are not available in the fitera-
ture on the ashed weight needed for the above computation.
it is, therefore, necessary 10 estimate these values from the
literature values on dry bone composition of the skeleton™’
and from our own ash to dry weight ratios (Table 1).

R, = W,/ W, (2)
therefore:
W., - R. x W‘.. 3}

Substituting equation (3) into equation (1) and dividing both
sides by the total skeietal dry weight (W) results in the follow-
ing:

POWJW, = POIRW W, . ... ..... + (POIRWIW,. (4)

All the values on the right side of equation (4) are known or
obtainable from the literature. The W /W, ratio for the total
skeleton “must be evaluated. This was accomplished as
follows:

W. - R.W,. ......... + R,W‘.'. (5)
Dividing both sides by the total skeletal drv weight yields:
WJ/We = RWoHiWy......... + RWJW,. 6)

Equation (6) will produce the skeletal ash to dry weight ratio
needed in equation (4) to allow calculation of mean skeletal
lead concentration (Pb).
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